The onco-suppressor gene TP53 has potential use in the gene therapy of many human cancers including leukemias. The latter indication derived from numerous experimental reports of p53-mediated suppressing effects on human and murine leukemia cells in vitro. However, few in vivo experiments have been performed, and those that have used a subcutaneous injection of p53-transduced leukemia cells. Thus, we developed an orthotopic leukemia model in adult, syngenic mice to evaluate the feasibility of TP53-mediated therapeutic approaches. We found that among other cells, v-src-transformed 32D myeloid progenitors induce leukemia when injected intravenously in syngenic mice. The resulting malignancy resembles the clinical manifestations of human acute myeloid leukemia because it is characterized by a massive invasion of bone marrow compartments, splenomegaly, generalized lymphadenopathy, and a macroscopic or microscopic infiltration of the kidneys, liver, and lungs. When these 32Dv-src cells were infected with a TP53-recombinant retrovirus before intravenous injection, we found a decreased mortality and, in those animals that develop leukemia, a drastic reduction of the generalized organ infiltration, suggesting that exogenous TP53 expression might be used for ex vivo bone marrow purging from leukemia cells. Cancer Gene Therapy (2000) 7, 135-143
C onsiderable experimental and epidemiological evidence has accumulated in the past 10 years showing that the product of the TP53 gene is a tumor suppressor. 1 The expression of an exogenous wild-type (wt)-p53 protein in a great variety of tumor cells has been shown to suppress their transformed phenotypes. 2 Moreover, some clinical trials have been undertaken that attempt to transduce the TP53 gene in some solid tumors including hepatocellular carcinomas, metastatic liver tumors, nonsmall cell lung cancers, and head and neck squamous carcinomas. 3 Alterations of the p53 pathway, including direct TP53 gene mutations 4 or p53 protein inactivation by posttranslational alterations, [5] [6] [7] are present in a considerable number of hematological malignancies and are associated with a poor prognosis and a poor response to treatment. 8 Moreover, strong tumor-suppressing effects were found in in vitro studies with a number of leukemia cell lines expressing an exogenous wt-p53 protein. 9 These effects include growth arrest, apoptosis, and/or differentiation. 10 On the basis of these findings, leukemia cells are also thought to be a target for TP53-mediated gene therapy. 9 However, thus far, only a few in vivo experiments have been performed to evaluate the feasibility of this type of treatment, and these experiments only used subcutaneous (s.c.) injections of leukemia cells.
In some leukemia cell lines, wt-p53 overexpression has been shown to induce apoptotic death that can be reverted in vitro by the presence of specific cytokines, indicating that the apoptosis in these tumor cells is caused by a TP53-mediated restoration of survival factor dependence. [11] [12] [13] Because s.c. and muscle tissues, in which the in vivo tumorigenicity of tumor cell lines is usually measured, have only low levels of these cytokines, it is possible that the suppressing effects observed in vitro or in vivo on wt-p53 overexpression are, at least in part, due to the experimental conditions (e.g., low levels of cytokines). In contrast, the bone marrow (BM) environment, from which leukemia develops, is characterized by the presence of numerous cytokines that support the survival, proliferation, and differentiation of hemopoietic cells.
14 Because of these qualities, the BM environment might weaken or even repress the suppressing effects that can be observed on exogenous wt-p53 overexpression in leukemia cells maintained in other environments. Thus, to address this issue and assess the feasibility of TP53-mediated gene therapy of leukemias, an orthotopic leukemia model in adult animals is required. To our knowledge, no such model has been used thus far to evaluate the effects of TP53-mediated gene therapy of hematological malignancies.
Here, we report on the development of an orthotopic model of murine leukemia and on the data obtained by an ex vivo TP53-mediated gene therapy of these leukemic cells. Because of the need for TP53 gene transduction of recombinant retroviruses, to avoid interference between viruses we used hemopoietic cells transformed by activated oncogenes rather than by leukemogenic viruses such as Friend leukemia virus-transformed cells. We first evaluated the capacity of different oncogenetransformed myeloid progenitors to induce leukemic syndrome in syngenic animals. Although all of the cell types assessed were tumorigenic in immune-incompetent nude mice after s.c. injection, we found that only the v-src-transformed 32D myeloid progenitors were able to induce a clearly leukemic syndrome in immune-competent, syngenic adult mice after intravenous (i.v.) injection. We subsequently used this murine orthotopic leukemia model to evaluate the efficacy of an ex vivo TP53-recombinant retrovirus-mediated gene therapy.
MATERIALS AND METHODS

Cell cultures
32Dv-src, 15 32Dv-abl, 16 and 32Dc-fms (S301, F969) 17 cells were cultured in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine sera (FBS) (Life Technologies). The GP ϩ E-LXSN and GP ϩ E-Lp53SN ecotropic packaging cell lines 18 were cultured in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% FBS. The GP ϩ Ebased packaging cell lines are helper-independent lines with low virus recombination efficiency. 19 
Retroviral vectors and packaging cells
The construction of the pLXSN retroviral vector has been described previously. 20 Briefly, pLXSN is a defective Moloney leukemia virus-based vector that contains the bacterial neo gene downstream of the simian virus 40 early promoter. The pLp53SN vector was obtained by inserting human wt-p53 cDNA, derived from pCMVp53, 21 into the unique BamHI site of the pLXSN vector. The generation of the virus-producing cells GP ϩ E-LXSN and GP ϩ E-Lp53SN has been described previously. 18 
Retroviral infections
32Dv-src cells were incubated for 1 hour with 8 g/mL polybrene and subsequently infected by in vitro cocultivation with the same number of mitomycin-treated retrovirus-producing packaging cells (GP ϩ E-Lp53SN or GP ϩ E-LXSN). After 16 hours of cocultivation, 32Dv-src-Lp53SN and 32Dv-src-LXSN cells were removed from the packaging monolayer and replated in fresh medium. After an additional 24 hours, cells were selected with G418 (1.5 mg/mL) for 5 days to eliminate the uninfected cells. The absence of replicating viruses from our lines was assessed by infection and G418 selection of NIH-3T3 cells with the supernatant of 32Dv-src infected cells.
Indirect immunofluorescence
Approximately 4 ϫ 10 4 cells were spun onto a glass slide with a cytocentrifuge. Cytospin preparations were air-dried, fixed with 2% formaldehyde for 10 minutes at room temperature, permeabilized with 0.25% Triton X-100 for 5 minutes, incubated for 4 hours at 37°C with sheep anti-p53 sera (Ab-7, Oncogene Science, Uniondale, NY). After washing, cytospins were incubated for 1 hour at 37°C with rhodamine-conjugated rabbit anti-sheep immunoglobulin G (Cappel, Durham, NC).
Tumorigenesis analysis
Serial dilutions of logarithmically proliferating cells were injected s.c. between the scapulae or injected i.v. into the tail vein in syngenic C3H/HeJ mice 22 (6-to 7-week-old males). Mice were examined twice a week for the appearance of tumor masses in the case of s.c. injection, or for general illness in the case of i.v. injection. Autopsy and macroscopic examination of organs were performed on dead mice and on ill mice sacrificed by cervical dislocation. After autopsy of sacrificed mice, cells were explanted from the lymph nodes, BM, spleen, and vertebral column and cultured in RPMI 1640 with 10% FBS supplemented with 2 g/mL puromycin and subsequently with 1.5 mg/mL G418.
Morphological analysis
Animals were sacrificed by cervical dislocation. For histological evaluation, tissues were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned at 4 m, and stained with hematoxylin-eosin and Giemsa.
For in situ staining of apoptotic cells, a terminal deoxynucleotidyltransferase-catalyzed DNA nick-end labeling assay was performed using a kit from Boehringer Mannheim (Mannheim, Germany) according to the manufacturer's recommendations. Sections were briefly counterstained with hematoxylin. Quantitative studies of mitoses and apoptotic cells were performed independently by three pathologists in a blind fashion on three or more samples from distinct mice by evaluating 10 randomly chosen fields in each sample. Mitoses and apoptotic cells were counted under a microscope at ϫ400 high-power (HP) fields (a ϫ40 objective and a ϫ10 ocular lens; 0.180 mm 2 per field). A total of 10 randomly chosen fields were counted for each sample.
For additional morphological evaluation of the differentiation state, 32Dv-src cells infected with LXSN or Lp53SN retroviruses were explanted from tumors, selected with puromycin and G418, cytocentrifuged, and stained by May-Grunwald Giemsa.
Western blotting
Protein extracts, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotting, and immunoreactivity were performed as described previously. 15 The anti-p53 monoclonal antibody PAb1801 (Oncogene Science), which preferentially recognizes p53 of human origin, was employed. Immunoreactivity was detected using an enhanced chemiluminescence kit (Amersham, Arlington Heights, Ill) according to the manufacturer's instructions.
Statistical analysis
Student's t test and Fisher's double-tailed test for the comparison of two proportions (with approximation of binomial distribution by means of normal distribution and Yates' correction for continuity) were used for statistical analysis.
RESULTS
Establishment of a murine orthotopic leukemia model
The interleukin-3 (IL-3)-dependent 32D myeloid progenitor cells, 22 which have an endogenous wt TP53 gene The same fields as in (A,C), respectively, in which p53 protein was detected with specific Ab7 sera. and expressed a very low level of p53 protein, 15 can be transformed by some activated oncogenes, such as v-src, v-abl, and c-fms (S301, F969); after transformation, these cells can induce s.c. tumors in nude mice (M. Valtieri and G. Rovera, unpublished observations). 17, 23 Overexpression of an exogenous wt-p53 protein was shown to inhibit the transformed phenotype of each of these cell lines in vitro. 15 We first evaluated whether these cells were tumorigenic in syngenic adult mice after s.c. injection. Only 32Dv-src and 32Dv-abl cells induced s.c. tumors in immune-competent syngenic mice (Table  1) , and these two cell lines were then used for i.v. injections. As shown in Table 1 , after i.v. injection, 32Dv-src cells induced a neoplastic disease with a greater efficiency than 32Dv-abl cells; the dose needed to produce tumors in 50% of the animals was Ͻ2 ϫ 10 4 and 2 ϫ 10 7 , respectively. Upon morphological examination, the mice injected with 32Dv-src cells presented with severe splenomegaly, generalized lymphadenopathy, leukemic lungs, kidneys, and liver, and massive infiltration of BM compartments (Table 2 and Fig 1) . Approximately 25% of the injected animals died due to posterior paralysis resulting from infiltration of the vertebral bodies by the 32Dv-src cells, as assessed by histology (Fig  1) , and dissection of the tumor mass and in vitro cell culture in the presence of puromycin (data not shown), to which our 32Dv-src cells are resistant. 15 Because this neoplastic disease resembles the human acute myeloid leukemia, the 32Dv-src cells provide a suitable orthotopic model to evaluate the efficacy of new therapeutic approaches in adult syngenic mice.
Effect of TP53-recombinant retrovirus infection on tumorigenicity of 32Dv-src leukemia cells We found previously that despite the wt status of the endogenous TP53 gene, overexpression of exogenous wt-p53 protein in 32Dv-src cells maintained in vitro suppresses transformation by differentiation through the monocytic pathway at 3 weeks postinfection. 15, 18 This differentiation is not terminal because it is not associated with a proliferation arrest. 15 To evaluate the effects of TP53 on in vivo tumorigenicity, 32Dv-src cells were infected with LXSN or Lp53SN retroviruses carrying the neomycin resistance gene alone or together with human TP53 cDNA. Because exogenous wt-p53 protein expression does not obviously modify the proliferation rate of 32Dv-src cells in vitro, 15 the infected cells were maintained for 5 days in the presence of G418 selection before injection. This period of selection was sufficient to kill 100% of the mock-infected cells. Western blot analysis (data not shown) and indirect immunofluorescence (Fig 2) were performed to evaluate the expression of the exogenous p53 protein. As expected for the polyclonal population of transduced cells, heterogeneous levels of p53 expression were found in Lp53SN-infected 32Dv-src cells.
Aliquots of 200 L containing from 2 ϫ 10 4 to 2 ϫ 10 6 total number of G418-resistant infected cells were injected i.v.; next, mice were examined twice a week for 1 year. A total of 104 animals were injected and analyzed. The mice often started to be cachectic ϳ1 week before death. The ill animals (72 of 104 (50%) of total number of injected mice) were subjected to autopsy and, in 21 of 72 (30%) of the cases, cells from spleens, lymph nodes, BM, and vertebral masses were explanted and cultured in the presence of G418 and puromycin to assess their origin. Double resistant cells were selected from all of the organ explants analyzed, indicating that 32Dv-src cells resistant to puromycin 15 that had been infected with the recombinant retroviruses, which induce G418 resistance, were responsible for organ invasion. Autopsies were also performed on animals that survived and were apparently healthy for 1 year. In this group, all animals were macroscopically free of disease. As shown by the survival curves reported in Figure 3 , a 50.8% reduction in mortality was present in Lp53SN-treated mice versus LXSN-treated mice at the lowest number of cells injected (2 ϫ 10 4 , P Ͻ .05 by Fisher's test). At the higher number of cells injected (2 ϫ 10 5 and 2 ϫ 10 6 ), a weaker suppression of mortality was observed (19% and 31%, respectively), which was still statistically significant when the results of the two different injections were analyzed together (P Ͻ .05 by Fisher's test). Moreover, a significant inhibition of morbidity with reduced splenomegaly, lymphadenopathy, and organ infiltration was found (Table 3 and Fig 4) . Only the BM compartments were constantly found to be invaded by either type (LXSN or Lp53SN) of infected cells in the ill mice ( Table 3 ). The reduction of mortality at 2 ϫ 10 4 cells injected with no reduction of morbidity in the animals that developed leukemia, as well as the opposite results obtained at the higher number of cells injected, might be determined by different causes. We excluded the appearance of recombinant, replication-competent retroviruses, whose concentration would have been higher in the injections with the largest number of cells, by cultivating NIH-3T3 cells in the presence of the supernatant of 32Dv-src-infected cells, before and after in vivo growth, and by subsequent G418 selection. No G418-resistant NIH-3T3 cells were found, indicating that no detectable replication-competent viruses developed in our packaging and 32Dv-src-infected cells. Another explanation might rely on the different tumor latencies and the constant (100%) invasion of BM compartments. Although some mice die of posterior paralysis, it is conceivable that the others die because of the consequences of BM infiltration. Because at 2 ϫ 10 4 cells injected, the tumor latency is longer even for the control mice, it is possible that those Lp53SN-treated animals that are not cured by wt-p53 protein expression have enough time to develop organ infiltration. In contrast, at the higher doses of cells injected, although wt-p53 protein is less active in suppressing mortality, the shorter tumor latency allows the evaluation of the TP53 efficacy on morbidity. Taken together, these results indicate that an ex vivo transduction of the TP53 gene can reduce the tumorigenicity (mortality plus morbidity) of leukemia cells in the hemopoietic compartment. 
Analysis of exogenous p53 protein in leukemia-derived cells
Among the mice injected with 32Dv-src-Lp53SN cells, there was a heterogeneity in the suppression of the leukemic syndrome. Excluding the animals that did not develop the leukemia, the ill mice presented a larger variability in the degree of organ infiltration (Table 4) compared with the control animals (data not shown). To evaluate whether these differences could be due to loss of the exogenous TP53 gene, we assessed the expression of the exogenous p53 protein by Western blot analysis on cells explanted from the spleen, lymph nodes, and BM of nine different mice. No correlation was found between the maintenance of exogenous p53 expression and milder tumorigenic phenotypes (Table 4 ), but we cannot exclude the presence of other mechanisms of exogenous p53 protein inactivation.
Evaluation of the biological effects induced in vivo by exogenous TP53 expression
Overexpression of wt-p53 protein in several leukemia cells in vitro was shown to suppress the transformed phenotype by a variety of mechanisms, including inhibition of cell proliferation, induction of differentiation, and/or restoration of cytokine-dependence. 10 The latter effect can promote apoptosis when the required cytokines are lacking. [11] [12] [13] We have shown previously that exogenous wt-p53 overexpression in in vitro cultured 32Dv-src cells induces their differentiation through the monocytic pathway with no modification of survival and proliferation capacities. 15 Because the environment is known to play a critical role in the definition of the TP53-mediated outcomes, 15, 24, 25 we evaluated the effect(s) induced by wt-p53 overexpression in 32Dv-src cells in the tumor masses. Histological analysis of different leukemia-invaded organs was performed on samples from mice injected with 32Dv-src-LXSN or 32Dv-srcLp53SN cells after hematoxylin-eosin and Giemsa staining (for details, see Materials and Methods). In agreement with the in vitro observation, a more differentiated phenotype of the infiltrating cells was found in the mice injected with Lp53SN-infected cells compared with the controls (Fig 5A) . To further analyze the differentiation state, the cells explanted and selected with puromycin and G418, as described above, were cytocentrifuged and stained by May-Grunwald Giemsa for morphological examination. As shown in Figure 5B , differentiation through the monocytic pathway was present only in 32Dv-src cells infected with Lp53SN retrovirus and maintained in vivo.
Interestingly, the in vivo analyses of Lp53SN-treated mice versus LXSN-treated mice also showed a reduced rate of mitotic figures (Ͻ3.2 Ϯ 1.3/HP field in Lp53SN-treated mice and Ͼ10.6 Ϯ 2.4/HP field in LXSN-treated mice; P Ͻ .01 by Student's t test) and an increased number of apoptotic cells (Ͼ3.9 Ϯ 1.3/HP field in 6 of 10 Lp53SN-treated mice and Ͻ0.7 Ϯ 0.4/HP field in LXSNtreated mice; P Ͻ .01 by Student's t test) (Fig 5A) . The latter results were confirmed by the terminal deoxynucleotidyltransferase-catalyzed DNA nick-end labeling assay (data not shown). These results together with those obtained previously in vitro on the same 32v-src cells 15 strongly support an environmental contribution in the determination of p53 final outcomes. Moreover, the data show that the TP53-transduced cells have a reduced rate of proliferation and can undergo differentiation and apoptosis in the presence of the physiological amount of cytokines present in the hemopoietic compartment.
DISCUSSION
We evaluated the efficacy of ex vivo TP53 gene therapy by recombinant retrovirus in an orthotopic leukemia model. We found that TP53-recombinant retrovirus infection of 32Dv-src leukemia cells before they are injected ir i.v. into syngenic adult mice can significantly reduce morbidity and mortality compared with controlinfected cells. To our knowledge, this is the first study in which the suppressing effects of the TP53 gene were assessed in vivo on leukemia cells in their own environment. It has been shown previously that overexpression of wt-p53 protein can suppress the transformed phenotypes of a large number of leukemia cells in vitro. 11,12,26 -30 Besides the numerous in vitro experiments, only few in vivo studies were performed, and those exclusively used s.c. injections of transduced leukemic cells. 27, 28 We believe that an orthotopic model is required to evaluate the TP53-mediated effects on leukemias for two main reasons. The first concerns the environmental influence on TP53-induced biological outcomes. IL-3-dependent hemopoietic progenitors undergo apoptosis or proliferation arrest on the same stressing stimulus (e.g., ultraviolet irradiation), depending upon the presence or absence of IL-3 or on the activation of pathways mimicking the presence of cytokines. 24 Different outcomes (differentiation or proliferation arrest) are induced by exogenous wt-p53 overexpression in cells of the same line transformed by different activated oncogenes. 15 Because hemopoietic and s.c. environments are completely different, and because wt-p53 overexpression induces survival factor dependence, leukemia cells may undergo apoptosis in vitro or after in vivo injection into tissues deficient in hemopoietic cytokines, whereas the same leukemia cells might continue to survive and proliferate in the cytokine-rich BM compartment. We found that 32Dv-src cells transduced with the TP53-recombinant retrovirus were suppressed in their tumorigenicity when injected i.v. in syngenic mice, indicating the possibility of developing p53-mediated gene therapy of leukemias. Interestingly, the histological analysis showed that exogenous wt-p53 expression can induce more types of suppressing effects in vivo than in vitro, including differentiation, a reduction of mitotic figures, and an increased number of apoptotic cells; only differentiation was observed in vitro, without modification of proliferation or apoptosis. These results confirm the importance of the environment in the determination of the suppressing effects of TP53.
At present, the selective transduction of leukemia cells in vivo cannot be achieved with the transfection or infection systems available. However, we have recently found that the introduction of exogenous TP53 in murine primary BM cells does not affect their proliferation and differentiation capacities. 18 Thus, normal BM cells are apparently not affected by TP53 transduction, whereas several leukemia cells are suppressed in their transformed phenotypes; consequently, we have proposed that BM purging from p53-responsive leukemia cells might be achieved ex vivo by delivering TP53 to all (normal and leukemic) marrow cells. 18, 31 This procedure would allow a functional targeting only of the neoplastic cells and might be used before autologous BM transplantation. 32 Thus, the second main reason to develop an orthotopic leukemia model to evaluate TP53-mediated gene therapy is represented by the requirement of assessing the efficacy of this BM purging strategy. The results reported here indicate that TP53-recombinant retrovirus infection can reduce the morbidity and mortality of mice injected with 32Dv-src cells. Although these are promising in vivo results, the partiality of the suppressing effect indicates that, for an efficient BM purging, an ex vivo apoptotic outcome would be the most desired TP53-mediated effect. Because the mechanism(s) by which TP53 can induce survival factor dependence and eventually apoptosis is still unknown, as are those that cause proliferation arrest or differentiation, for therapeutic purposes, at present, it is only possible to empirically evaluate which leukemia responds to exogenous wt-p53 protein expression by apoptosis. We have recently found that in leukemia cells corresponding to different stages of myeloid differentiation, forced expression of the TP53 gene causes apoptosis only in the cells in the earlier stages of differentiation and independently of the status of the endogenous TP53 gene. 33 The development of the orthotopic model of leukemia can also allow the evaluation of alternative or combined treatments. These might include (a) the de novo expression of the TP53 gene together with radiotherapy or chemotherapy; 34 (b) the use of modified p53 protein, such as the chimeric tumor suppressor 1, which is more resistant to inactivation and possesses enhanced proliferation-suppressing and apoptotic-promoting activities compared with wt-p53; 35 and (c) the contemporary transduction of two different onco-suppressor genes. 36 In all of these cases, for an efficient BM purging, it will be necessary to evaluate whether the treatment is not detrimental for normal BM cells. We are currently evaluating some of these strategies in our leukemia model, which we believe to be a useful tool for studying the in vivo efficacy of new therapeutic approaches for leukemias.
